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The structure of glassy GeSe9 was investigated by combining neutron diffraction with density-functional-
theory-based first-principles molecular dynamics. In the simulations, three different models of N = 260 atoms
were prepared by sampling three independent temporal trajectories, and the glass structures were found to be
substantially different from those obtained for models in which smaller numbers of atoms or more rapid quench
rates were employed. In particular, the overall network structure is based on Sen chains that are cross-linked by
Ge(Se4)1=2 tetrahedra, where the latter are predominantly corner as opposed to edge sharing. The occurrence
of a substantial proportion of Ge-Se-Se connections does not support a model in which the material is phase
separated into Se-rich and GeSe2-rich domains. The appearance of a first-sharp diffraction peak in the Bhatia-
Thornton concentration-concentration partial structure factor does, however, indicate a non-uniform distribution
of the Ge-centered structural motifs on an intermediate length scale.
PACS numbers: 61.43.Fs, 71.15.Pd, 61.05.F-
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I. INTRODUCTION
Glassy Se is the archetypal 1-dimensional elemental amor-
phous solid, in which the Se atoms bind to form extended Sen
chains (n is an integer 2).1 The introduction of Ge leads
to the formation of cross-links between the Sen chains that
increase the network dimensionality, and the ability of Ge
and Se to adopt a rich variety of structural motifs ensures
that the GexSe1 x system has a large glass-forming region
(0  x  0.43).2 The Ge-Se system is therefore a prototype
for investigating the topology of disordered networks,3–24 and
has featured prominently in the development of mean-field
constraint-counting theory for network glasses,25,26 and in the
identification and characterization of the so-called intermedi-
ate phase for this class of materials.27–29
The similarity between the electronegativity values of Ge
and Se favors the use of first-principles molecular dynamics
(FPMD) to produce atomistic models that are in quantitative
agreement with experiment.30–35 There are, however, ques-
tions related to the system size and the protocol that is used
to prepare a glass from the liquid state. In the case of glassy
GeSe9, for example, two different sets of FPMD simulations
have been performed, and the results have been compared to
those obtained from neutron diffraction. In the first, Tafen and
Drabold36 employed a periodic cell with N = 400 atoms (i.e.,
40 Ge atoms) and a rapid quench-rate (the system tempera-
ture was decreased from T = 2200 K to T = 300 K in 5 ps)
to obtain a disordered structure that contained large fractions
of both one-fold coordinated ('19.6%) and three-fold coor-
dinated ('20.4%) Se atoms. In view of the results found for
glassy GeSe4 by using FPMD with a slower quench-rate and
longer room-temperature relaxation time,33,37,38 the presence
of such a large fraction of mis-coordinated Se atoms may orig-
inate from a structure that was insufficiently annealed on cool-
ing, i.e., the solid retained too much memory of the highly-
diffusive liquid-state. In the second, Micoulaut et al.22 ad-
dressed this issue by exploiting much longer temporal trajec-
tories, especially at room temperature (84 ps). The periodic
cell size used in this work was, however, small at N = 120
(i.e., 12 Ge atoms), and the Sen chains were found to be in-
terconnected by a surprisingly large number of edge-sharing
Ge-centered tetrahedra, where the ratio of edge sharing (ES)
to corner sharing (CS) Ge(Se4)1=2 tetrahedra ES=CS = 0.86.
Thus, there is uncertainty regarding the best way of modeling
the glass structure when Ge is first added to Se.
We have therefore been motivated to reconsider the atomic
structure of glassy GeSe9 by performing (i) a neutron diffrac-
tion experiment to investigate the reliability of previous ex-
perimental work,39 and (ii) FPMD simulations with a large
system size (N = 260) and variety of quench-scheme and re-
laxation protocols, with the intent of improving the reliability
of the atomic-scale simulation approach. The models were
obtained by sampling three independent temporal trajectories
and are consistent with the new neutron diffraction results.
They show that the Se atoms are predominantly two-fold co-
ordinated, i.e., there is a negligible fraction of mis-coordinated
Se atoms, and give an ES to CS ratio of Ge(Se4)1=2 tetrahedra
that is appreciably smaller than found in Ref. 22, in keeping
with the expectation from experiment.18,40
The paper is organized as follows. The experimental meth-
ods are described in Sec. II, where the glass preparation pro-
tocol is given in some detail in order to allow for sample re-
producibility, and in case there are differences in structure that
result from different preparation methods. The FPMD meth-
ods are described in Sec. III. The results for glassy GeSe9 in
both reciprocal space and real space are then presented and
discussed in Secs. IV and V, respectively. The simulation
protocols are discussed in Sec. VI. Conclusions are drawn in
2Sec. VII.
II. NEUTRON DIFFRACTION EXPERIMENTS
A glassy GeSe9 sample was prepared by loading elemen-
tal Ge and Se powders (99.999 %, Sigma-Aldrich), with the
correct mass ratio, into a silica ampoule of 5 mm inner di-
ameter and 1 mm wall thickness that had been etched using a
48 wt% solution of hydrofluoric acid, rinsed using water then
acetone, and baked dry under vacuum at 1073 K for 3 h. The
ampoule was loaded in a high-purity argon-filled glove box,
isolated using a Young’s tap, and then transferred to a vacuum
line where it was sealed under a pressure of 10 5 Torr. The
sealed ampoule was placed in a rocking furnace, which was
heated at a rate of 2 K min 1 from ambient to a temperature
T = 1248 K, dwelling for 1 h each at T = 494 K, T = 958 K
and T = 1211 K, near to the melting and boiling points of Se,
and the melting point of Ge, respectively. The highest tem-
perature was maintained for 47 h before the rocking motion
was stopped, the furnace was placed vertically for 1 h to let
the melt collect at the bottom of the ampoule, the furnace was
cooled at a rate of 2 K min 1 to T = 594 K where the sam-
ple was left to equilibrate for 4 h, and the ampoule was then
dropped into an ice/water mixture. The sample was broken
out of the ampoule inside an argon-filled glove box and trans-
ferred into a vanadium container of outer diameter 7 mm and
wall thickness 0.1 mm ready for the diffraction experiment.
The neutron diffraction experiment was performed using
the GEM diffractometer41 at the ISIS pulsed neutron source.
Diffraction patterns were measured for the GeSe9 sample in
its vanadium container, the empty container, the empty instru-
ment, and a vanadium rod of diameter 8.37(1) mm for nor-
malization purposes. Each diffraction pattern was built up
from the intensities measured for different detector groups,
where the intensities were saved at regular intervals in order
to verify the stability of the diffractometer.42 The data sets
were analyzed detector by detector using the GUDRUN anal-
ysis software.43 The atomic number density of the glass r =
0.0333(1) Å 3, as measured using a Quantachrome MICRO-
ULTRAPYC 1200e pycnometer operated with helium gas.
The glass transition temperature was measured to be Tg(onset)
= 365(6) K or Tg(midpoint) = 372(4) K by using modulated
differential scanning calorimetry with a scan rate of 3 Kmin 1
and modulation of 1 K per 100 s.
III. FIRST-PRINCIPLES MOLECULAR DYNAMICS
SIMULATIONS
The simulations were performed at constant volume on a
system containing N = 260 atoms (26 Ge and 234 Se). A pe-
riodically repeated cubic cell of size-length L = 19.9 Å was
used, corresponding to the experimental density of the glass
at T = 300 K. This strategy was chosen because it is less
time consuming and more tractable than attempting to track
the liquid-state quench through the implementation of a set
of constant pressure simulations at variable density, where
large error bars are associated with each calculated pressure.
The system size ensures that the minimum magnitude of the
scattering vector kmin = 0:3157 Å 1 is significantly smaller
than the position of the first-sharp diffraction peak (FSDP) at
kFSDP '1 Å 1 for GexSe1 x glasses, a feature that appears be-
cause of ordering on an intermediate length scale.13 The elec-
tronic structure was described within density functional theory
(DFT) and evolved self-consistently during the motion.44 We
employed the generalized gradient approximation after Becke
(B) for the exchange energy and Lee, Yang and Parr (LYP)
for the correlation energy.45,46 The reasons underpinning this
choice of the exchange-correlation functional are described
in recent work on liquid and glassy GeSe2, where the struc-
tures obtained from the BLYP and Perdew and Wang (PW)
functionals are compared.47–49 In short, the BLYP approach
gives a better description of the short-range structure, espe-
cially for the local environment of Ge, because it gives a better
account of valence-electron localization effects. The valence
electrons were treated explicitly, in conjunction with norm-
conserving pseudo-potentials of the Trouiller-Martins type to
account for core-valence interactions.50 The wave functions
were expanded at the G point of the supercell using a plane-
wave basis-set with an energy cutoff Ecut = 30 Ry. The sim-
ulations were implemented using a fictitious electron mass of
1000 a.u. (i.e., in units of mea20 where me is the electron mass
and a0 is the Bohr radius) and a time step of Dt = 0:24 fs to in-
tegrate the equations of motion. A fictitious electron mass of
1000 a.u. ensures the best compromise between small depar-
tures from the Born-Oppenheimer surface, which are reduced
by decreasing the fictitious mass, and the value of the time
step, which can become unaffordably small for a vanishing
small fictitious mass.
The liquid at T = 1000 K, fully equilibrated for a period of
10 ps, was used as a starting point to prepare three different
models for the glassy material with contrasting thermal histo-
ries. In the following, these models will be referred to as II–IV
(model I will refer to the FPMD results taken from Ref. 22).
Here, the selection of the starting configuration density to be
that of the glass is legitimate, provided the molecular dynam-
ics trajectories are truly liquid-like, i.e., they have a highly
diffusive character. This is indeed the case for our FPMD
simulations of liquid GeSe9 where the diffusion coefficients
are greater than 1 10 5 cm2 s 1. In view of the variation
in glass structure that results from different simulation proto-
cols (see below), the difference between the uppermost sim-
ulated (T = 1000 K) and experimental (T = 1248 K) liquid-
state temperatures is not expected to be significant. Model
II was obtained via a two-step schedule with annealing times
of '5 ps at T = 600 K and '5 ps at T = 300 K. Model III
was obtained via a two-step schedule with annealing times
of '8 ps at T = 600 K and '8 ps at T = 300 K. Model IV
was obtained via a three-step schedule with annealing times
of '12.5 ps at T = 900 K, '25 ps at T = 600 K and '30 ps
at T = 300 K. Hence, the overall rate of reduction in the tem-
perature is roughly 7 1013 K s 1, 4:375 1013 K s 1 and
1:041013 K s 1 for models II to IV, respectively. At the end
of these procedures, the glasses for models II and IV were re-
laxed for '30 ps at T = 300 K and configurations were saved
3after every 10 ps step, whereas the glass for model III was
relaxed for a much shorter time of '5 ps at T = 300 K.
These modeling protocols were chosen in order to explore
the impact on the glass structure of (i) the quench-rate sched-
ule and (ii) the time spent on relaxing the glass structure at
the target temperature. For example, the quench temperatures
of T = 600 K and T = 300 K for models II and III were the
same and the annealing times at these temperatures were sim-
ilar (5–8 ps), but model II was subsequently relaxed for much
longer (30 ps) at room temperature. In comparison, an addi-
tional quench temperature was used for model IV along with
longer annealing times (12.5–30 ps), and this model was sub-
sequently relaxed for a long time (30 ps) at room temperature.
Thus, models II and III will give insight into the affect on the
glass structure of an extended relaxation time at room tem-
perature, whereas models II and IV will give insight into the
affect on the glass structure of a more extended procedure for
quenching from the melt.
IV. RECIPROCAL-SPACE PROPERTIES
A. Total structure factor
In a neutron diffraction experiment on a Ge-Se glass, the
measured total structure factor is given by51
ST(k) = 1+å
a
å
b
cacbbabb
hbi2
h
SFZab(k) 1
i
(1)
where a and b denote the chemical species (Ge or Se), ca
and ba represent the atomic fraction and coherent neutron
scattering length of chemical species a, respectively, hbi =
cGebGe+ cSebSe is the mean scattering length, SFZab(k) is a so-
called Faber-Ziman (FZ) partial structure factor, and k is the
magnitude of the scattering vector. For a sample of glassy
GeSe9 containing Ge and Se of natural isotopic abundance,
the coherent neutron scattering lengths are bGe = 8.185(20) fm
and bSe = 7.970(9) fm,52 such that the relative weighting fac-
tors for the Ge-Ge, Ge-Se and Se-Se SFZab(k) functions are
0.0105: 0.1839: 0.8056. In consequence, ST(k) is domi-
nated by SFZSeSe(k). Also, the similarity between the values
of bGe and bSe ensures that ST(k) ' SNN(k) to an excel-
lent level of approximation,13 where SNN(k) is the Bhatia-
Thornton53 number-number partial structure factor and de-
scribes the topological ordering of the glass.54
The ST(k) function measured in the present work is shown
in Fig. 1. Its reliability was assessed by performing the usual
self-consistency checks,55 e.g., (i) it satisfies the sum-rule re-
lation
R ¥
0 dkk
2 [ST(k) 1] = 2p2r; (ii) the corresponding to-
tal pair-distribution function gT(r) (Sec. VA) oscillates about
zero at r-values smaller than the distance of closest approach
between two atoms; and (iii) when these low-r oscillations
are set to zero, the back Fourier transform of gT(r) is in good
overall agreement with the original ST(k) function. As shown
in Fig. 1, the newly measured ST(k) function is different to
that obtained in the neutron diffraction work of Ramesh Rao
et al.39 Both data sets show a shoulder at k '1.3 Å 1, i.e., in
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Figure 1: (Color online) The neutron total structure factor ST(k) for
glassy GeSe9. The measured ST(k) function from the present work
is given by the solid (black) curves with vertical error bars, where
the size of the error bars is smaller than the line thickness at most k
values, and the measured ST(k) function from Ref. 39 is given by the
(black) circles. The experimental results are compared to those ob-
tained from FPMD models I (solid orange curve),22 II (broken green
curve with squares), III (solid blue curve with squares) and IV (solid
magenta curve) by a direct calculation in reciprocal space. Several of
the data sets have been shifted vertically for clarity of presentation.
the region of the FSDP expected for Ge-Se glasses,13 but there
is otherwise a large discrepancy in the low-k region. The latter
may originate from a background scattering issue in the earlier
neutron diffraction work. In Fig. 1, the experimental results
are also compared to the ST(k) functions from FPMD models
I–IV, where model I originates from Ref. 22 and models II–
IV originate from the present work (Sec. III). The latter are in
good overall agreement with the ST(k) function measured in
the present work, including the low-k region.
B. Partial structure factors
The partial structure factors for glassy GeSe9 from models
I–IV are shown in Fig. 2. The profile of a given SFZab(k) func-
tion is similar for each of the models, and as expected from the
glass composition, SFZSeSe(k) follows very closely the profile of
ST(k). An FSDP is observable in both SFZGeGe(k) and S
FZ
GeSe(k)
at kFSDP '1.02–1.07 Å 1 and kFSDP '1.17–1.29 Å 1, respec-
tively, where the height of this peak is larger for SFZGeGe(k) as
compared to SFZGeSe(k) and does not change markedly between
the models. Thus, there is ordering on an intermediate length
scale that is associated with the Ge-b (b = Ge or Se) correla-
tions, but not with the Se-Se correlations. The nature of this
ordering can be explored further by constructing the Bhatia-
Thornton53 concentration-concentration partial structure fac-
tor
SCC(k) = cGecSef1+
cGecSe

SFZGeGe(k)+S
FZ
SeSe(k) 2SFZGeSe(k)
g; (2)
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Figure 2: (Color online) The (a) Ge-Ge, (b) Ge-Se and (c) Se-Se
Faber-Ziman partial structure factors SFZab(k) for glassy GeSe9 from
FPMD models I (solid orange curve),22 II (broken green curve with
squares), III (solid blue curve with squares) and IV (solid magenta
curve). The functions were obtained by Fourier transforming the
gab(r) functions shown in Fig. 5. Several of the data sets have been
shifted vertically for clarity of presentation.
which can be approximated to
SCC(k)' cGecSe

1+ cGecSe

SFZGeGe(k) 2SFZGeSe(k)
	
(3)
in the region of the FSDP because of an absence of this fea-
ture in SSeSe(k). The appearance of an FSDP in SCC(k) for
each of the FPMD models (Fig. 3) indicates the presence of
concentration fluctuations on an intermediate length scale that
are associated with the Ge-b correlation functions.6,54 In par-
ticular, the FSDP will be associated with a distribution of Ge-
centered motifs having a periodicity of 2p=kFSDP and corre-
lation length of 2p=DkFSDP, where DkFSDP is the full-width at
half-maximum of the FSDP,56 i.e., the Ge atoms will not be
uniformly distributed on an intermediate length scale. In sys-
tems such as liquid GeSe2, the presence of an FSDP in SCC(k)
is related to the four-fold rings formed by ES Ge(Se4)1=2
tetrahedra.57 These motifs lead to regions where the Ge atoms
are more clustered as compared to a homogenous distribution
of CS Ge(Se4)1=2 linkages, leading to a periodic distribution
of Ge atoms with a finite correlation length. As will be dis-
cussed in Sec. VB, the ratio ES=CS = 0.08–0.18 in models
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Figure 3: (Color online) The Bhatia-Thornton concentration-
concentration partial structure factor SCC(k) for glassy GeSe9 from
FPMD models I (solid orange curve),22 II (broken green curve with
squares), III (solid blue curve with squares) and IV (solid magenta
curve). Several of the data sets have been shifted vertically for clar-
ity of presentation.
II–IV for glassy GeSe9. It is worthwhile noting that the width
of the FSDP is similar for both the N = 120 and N = 260
systems, i.e., the correlation length for the Ge-centered mo-
tifs does not appear to show a clear dependence on the system
size. This observation is in line with the results obtained pre-
viously for the behavior of the FSDP in liquid GeSe2, where
it was shown by Fourier transformation that the essential fea-
tures of the FSDP can be captured provided the cutoff of the
integration range for the real-space pair-correlation functions
is in the range 6–10.5 Å.58 Here, the upper-limit is smaller
than
p
2L=2, a value for which reliable statistics can be gath-
ered for distances between independent atoms in a cubic su-
percell of side-length L for a system of N = 120 atoms.
V. REAL-SPACE PROPERTIES
A. Total pair-distribution function
The neutron total pair-distribution function is given by the
Fourier transform relation
gT(r) = 1+
1
2p2rr
Z ¥
0
dkk [ST(k) 1] sin(kr) (4)
= å
a
å
b
cacbbabb
hbi2

gab(r) 1

where gab(r) is a partial pair-distribution function. In the
case of glassy GeSe9, the small concentration of Ge means
that gT(r) will be dominated by gSeSe(r), so that gT(r) will
be largely insensitive to the detail in gGeGe(r). In Fig. 4, the
gT(r) function obtained by Fourier transforming the measured
ST(k) function of the present work is compared to the calcu-
lated gT(r) function for models I–IV, as obtained by combin-
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Figure 4: (Color online) The neutron total pair-distribution func-
tion gT(r) for glassy GeSe9. The measured gT(r) function from the
present work [solid (black) curves] was obtained by Fourier trans-
forming the spline-fitted measured ST(k) function shown in Fig. 1
with kmax = 30 Å 1. The Fourier transform artifacts at r values
smaller than the distance of closest approach between two atoms
are shown by the chained (red) curves. The experimental results
are compared to those obtained from FPMD models I (solid orange
curve),22 II (broken green curve with squares), III (solid blue curve
with squares) and IV (solid magenta curve). Several of the data sets
have been shifted vertically for clarity of presentation.
ing the gab(r) functions shown in Fig. 5. All of the models
give a good account of this measured gT(r) function because
(i) gSeSe(r) receives the predominant weighting in the expres-
sion for gT(r) (Eq. (4)) and (ii) all of the calculated gSeSe(r)
functions have very similar profiles.
The similarity between the coherent neutron scatter-
ing lengths of Ge and Se of natural isotopic abundance
(Sec. IVA) ensures that gT(r) ' gNN(r) to an excellent level
of approximation,13 where gNN(r) is the Bhatia-Thornton53
number-number partial pair-distribution function
gNN(r) c2GegGeGe(r)+ c2SegSeSe(r)+2cGecSegGeSe(r): (5)
It follows that the overall mean coordination number n¯ is given
by
n¯= 4pr
Z r j
ri
dr r2gNN(r)
= cGen¯Ge+ cSen¯Se
(6)
where n¯Ge = n¯GeGe + n¯GeSe and n¯Se = n¯SeSe + n¯SeGe are the
mean Ge and Se coordination numbers, respectively, n¯ab de-
notes the mean coordination number of atoms of type b, con-
tained in a volume defined by two concentric spheres of radii
ri and r j centered on an atom of type a, and n¯SeGe = cGe =
n¯GeSe = cSe. Table I shows that the value of n¯ = 2.20(1) ob-
tained from the present neutron diffraction work is in agre-
ment with that expected from the ‘8-N’ rule, which predicts
that n¯Ge = 4 and n¯Se = 2 such that n¯(‘8-N’) = 2.2. This value is
smaller than the value of n¯ = 2.45(18) obtained in the previous
neutron diffraction work of Ramesh Rao et al.39
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Figure 5: (Color online) The (a) Ge-Ge, (b) Ge-Se and (c) Se-Se par-
tial pair-distribution functions gab(r) for glassy GeSe9 from FPMD
models I (solid orange curve),22 II (broken green curve with squares),
III (solid blue curve with squares) and IV (solid magenta curve). Sev-
eral of the data sets have been shifted vertically for clarity of presen-
tation.
Table I: The mean Ge and Se coordination numbers n¯Ge and n¯Se for
glassy GeSe9, as measured by using neutron diffraction (ND) or cal-
culated by using FPMD with a cutoff distance rcut = 2.75 Å. The
overall mean coordination number, n¯, is also listed, and is compared
to the value expected from the ‘8-N’ rule.
Source n¯Ge n¯Se n¯ n¯(‘8-N’)
ND (present work)     2.20(1) 2.2
ND (Ref. 39) 4.0 1.8(2) 2.45(18) 2.2
Models I (Ref. 22) – IV 4.0 2.0 2.2 2.2
B. Partial pair-distribution functions
The partial pair-distribution functions for models I–IV are
shown in Fig. 5, and the associated coordination numbers n¯ab
are listed in Table II, where the integration range was set to
6Table II: The coordination numbers n¯ab obtained from the FPMD
models by using an integration range of 0–2.75 Å, where the upper
limit corresponds to the minimum after the first peak in gT(r). The
predictions of the CON and RCN models are also listed.13
Model n¯GeGe n¯GeSe n¯SeGe n¯SeSe
I (Ref. 22) 0.0 4.0 0.44 1.56
II – IV 0.0 4.0 0.44 1.56
CON 0.0 4.0 0.44 1.56
RCN 0.73 3.27 0.36 1.63
include distances up to the first minimum in gT(r). The values
for n¯Ge and n¯Se are listed in Table I, along with the overall
mean coordination number n¯.
In the case of gSeSe(r), the first peak at '2.36 Å originates
from Se-Se homopolar bonds, and gives a coordination num-
ber n¯SeSe = 1.56 that is insensitive to the model. In the case of
gGeSe(r), the first peak at '2.35 Å originates from Ge-Se het-
eropolar bonds, and gives a coordination number n¯GeSe = 4.0
that is also insensitive to the model. For the case of gGeGe(r),
there is no feature at '2.4 Å (Ref. 13) for any of the mod-
els, and hence no evidence for Ge-Ge homopolar bonds. Each
model is therefore consistent with the presence of Sen chains
that are linked by Ge(Se4)1=2 tetrahedra, where Ge and Se
both satisfy the ‘8-N’ rule. Within the framework of this rule,
there are two simple models for the network structure of disor-
dered GexSe1 x systems.13 In the chemically ordered network
(CON) model, Ge-Se bonds are favored such that only Ge-Se
and Ge-Ge bonds are allowed for compositions with x> 0:33,
whereas only Ge-Se and Se-Se bonds are allowed for compo-
sitions with x< 0:33. In the random covalent network (RCN)
model there is a purely statistical distribution of bond types
such that Se-Se bonds are allowed for x > 0:33 and Ge-Ge
bonds are allowed for x < 0:33. In the RCN model, n¯GeGe =
0.73 for the GeSe9 composition and, for an N = 260 system,
this corresponds to NGe Ge = n¯GeGeNGe=2' 10 Ge-Ge ho-
mopolar bonds, where NGe = 26 is the number of Ge atoms
in the system and the factor of two avoids double counting.
As shown in Table II, the results for models I–IV are fully
consistent with a chemically ordered network.
Of the partial pair-distribution functions, gGeGe(r) changes
most between models I–IV. (Fig. 5) It is, therefore, the most
sensitive of these functions to the size of the model and the
temporal trajectory chosen for its production. In each of the
gGeGe(r) functions, the first peak at 3 Å arises from Ge-Ge
distances within the four-fold rings formed by ES Ge(Se4)1=2
tetrahedra, and the second peak at 3.6 Å arises from Ge-Ge
distances between CS Ge(Se4)1=2 tetrahedra. As compared to
model I, there is a significant reduction in height of the ES
peak in gGeGe(r) for models II–IV, indicating a marked reduc-
tion in the fraction of these motifs. In addition, the CS peak
for model II shows a bimodal distribution that is absent for
models III and IV. The origin of this feature will be discussed
in Sec. VC where the bond-angle distributions are considered.
Overall, of the N = 260 systems, model III exhibits the largest
statistical noise, which stems from the shortened time for re-
laxation of the glass structure at T = 300 K. In comparison,
models II and IV were both prepared by using much longer
relaxation times for the glass structure at T = 300 K, and in the
case of model IV a more extended procedure was also used for
quenching from the melt. The appearance of a bimodal peak
in the model II gGeGe(r) function may therefore originate from
the occurrence of incomplete structural relaxation during the
quench schedule at temperatures higher than T = 300 K.
The Ge atoms in the network structure of GeSe9 can be
distinguished as according to whether they are involved in
no four-fold rings Ge(0), one four-fold ring Ge(1), or two
four-fold rings Ge(2).57 In the absence of Ge-Ge homopolar
bonds, these correspond to Ge atoms that are involved solely
in CS Ge(Se4)1=2 tetrahedra (Ge(0)), or to Ge atoms that are
involved in either one (Ge(1)) or two (Ge(2)) ES Ge(Se4)1=2
tetrahedra. The proportions of these Ge(`) atoms (` = 0, 1 or 2)
for FPMD models I–IV are given in Table III, where a cutoff
distance rcut = 2.75 Å was used in the analysis. Model I gives
a ratio ES=CS = 1, whereas an analysis with a larger cutoff
distance rcut = 2.9 Å gives a ratio ES=CS = 0:86 (Ref. 22).
Both of these values are significantly greater than the ra-
tio ES=CS = 0.08–0.18 found for models II–IV. In compar-
ison, ratios of ES=CS = 0.19(3) or ES=CS = 0.31(6) are esti-
mated from Raman and 77Se magic angle spinning (MAS) nu-
clear magnetic resonance (NMR) spectroscopy experiments,
respectively.18,40
Models II–IV were obtained for a larger system size than
model I (N = 260 versus N = 120), and also correspond to
independent temporal trajectories. Thus, the high proportion
of ES configuration seen in model I (Ref. 22) is unlikely to
be representative of the overall network structure for glassy
GeSe9. This observation is supported by the FPMD N = 400
atom model of Tafen and Drabold36 that led to a gGeGe(r)
function with small ES and large CS peaks, although the asso-
ciated conformations are embedded within a highly defected
network structure.
Table III: The proportions of Ge atoms involved in 0, 1 or 2 four-fold
rings, as obtained from the FPMD models of glassy GeSe9 by using
a cutoff distance rcut = 2:75 Å. Note that the same calculations were
performed for model I in Ref. 22, but the values in that reference
correspond to a larger cutoff distance rcut = 2:9 Å.
Model Ge(0) Ge(1) Ge(2)
I (Ref. 22) 50 50 0.0
II 92.3 7.7 0.0
III 84.7 15.3 0.0
IV 92.3 7.7 0.0
In order to rationalize the findings of model I for glassy
GeSe9 (Ref. 22), one could argue that it originates from a pe-
culiar set of configurations that persisted during the quench
from the liquid state. In this case, these configurations will
have persisted in the liquid for a long time interval: Model I
was obtained by selecting four independent starting configu-
rations from the liquid-state temporal-trajectory, separated by
70
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Figure 6: (Color online) The bond-angle distributions (a) B(qGeSeGe)
and (b) B(qSeGeSe) for glassy GeSe9, where a cutoff distance rcut =
2.75 Å was used in the analysis. The results correspond to FPMD
models I (solid orange curve),22 II (broken green curve with squares),
III (solid blue curve with squares) and IV (solid magenta curve). Sev-
eral of the data sets have been shifted vertically for clarity of presen-
tation.
time intervals of 5 ps, and quenching them to form a glass. It
is therefore likely that the number of Ge atoms in model I (N
= 120 with 12 Ge atoms) was simply too small to allow for
a reliable statistical sampling of the possible Ge coordination
environments on the timescale of the simulation.
C. Bond angle distributions
The Ge-Se-Ge bond-angle distributions B(qGeSeGe) for
models I–IV of glassy GeSe9 are shown in Fig. 6(a). All of
these models give a peak at 80, which originates from ES
Ge(Se4)1=2 tetrahedra, and a feature at higher angles, which
originates from CS Ge(Se4)1=2 tetrahedra. For the case of
model I, there is a large fraction of ES motifs (Table III) and
a correspondingly sharp ES peak in B(qGeSeGe). In compar-
ison, the ES=CS ratio is smaller for models II–IV, and the
ES feature in B(qGeSeGe) is less pronounced. For the case of
model II, the CS feature in B(qGeSeGe) is split with a peak at
97 and a shoulder at 109, where these items correspond
in gGeGe(r) to a peak at 3.5 Å and a shoulder at 3.8 Å, re-
spectively (Fig. 5(a)). The type of CS conformations that are
responsible for this peak splitting are shown in Fig. 7, where
the five-fold ring shown in the left-hand panel contains a Se-
Se homopolar bond. Five-fold rings were not, however, found
in the networks of model IV, where a glass was formed from
the liquid by adopting a longer temporal trajectory during the
quench. The five-fold rings of model II may therefore be ex-
amples of the type of structural feature that appears only when
the quench rate is particularly fast.
The Se-Ge-Se bond-angle distributions B(qSeGeSe) for mod-
els I–IV of glassy GeSe9 are shown in Fig. 6(b). All of these
models give a peak centered around 109, which is indicative
of CS Ge(Se4)1=2 tetrahedra. The B(qSeGeSe) for model I also
has a shoulder at 99, which corresponds to the smaller Se-
Ge-Se angle found within ES conformations.
D. Structural units
One of the most intriguing questions regarding the struc-
tural organization in GexSe1 x glasses is the extent to which
the Sen chains are connected by Ge(Se4)1=2 tetrahedra. In this
context, it is useful to consider the local coordination environ-
ment of two-fold coordinated Se atoms. Three different kinds
of linkages are possible according to the chemical identity of
the bonding atoms, namely Se-Se-Se, Ge-Se-Se and Ge-Se-
Ge. It follows that, in the absence of Ge-Se-Se connections,
the network will be phase separated into a Se-rich domain that
is dominated by Sen chains, and a GeSe2-rich domain that is
dominated by Ge(Se4)1=2 tetrahedra. This scenario has been
proposed for glassy GeSe4 on the basis of 77Se NMR and Ra-
man spectroscopy experiments,12,17 but it is not substantiated
by other experimental and theoretical work.18,59–62 In order to
describe the network connectivity for the different models of
glassy GeSe9, we consider the proportions of atoms of type a
(a = Ge or Se) that are l-fold coordinated to other atoms n¯a(l),
where the chemical identity of these other atoms needs to be
specified. The proportions were calculated by finding, e.g.,
the number of Se atoms that are two-fold (l = 2) coordinated
to one Ge and one Se atom, and dividing by the total number
of Se atoms in the model. Bonds were deemed to be formed
when the inter-atomic distance for a given pair of atoms is
smaller than a cutoff distance rcut = 2.75 Å, corresponding to
the minimum after the first peak in gT(r).
As shown by Table IV, none of the models for glassy
GeSe9 show any significant deviation from the coexistence
of four-fold coordinated Ge atoms and two-fold coordinated
Se atoms. The proportion of Se atoms in Se-Se-Se triads is
in the 59–65% range, which compares to a value of 66(5)%
from high-resolution isotropic 77Se NMR spectra.61 The pro-
portion of Se atoms in Se-Se-Ge triads is, however, substantial
at 26–35%, meaning that a significant number of the Se atoms
are involved neither in Sen chains nor in inter-tetrahedral Ge-
Se-Ge connections. The proportion of Ge atoms in Ge-Se4
linkages is predominant at 99.8%, emphasizing the chem-
ically ordered nature of the glass network. The Ge-centered
8Figure 7: (Color online) The CS motifs in model II that lead to bi-modal CS features in both gGeGe(r) (Fig. 5(a)) and B(qGeSeGe) (Fig. 6(a)).
The Ge and Se atoms are represented by the dark (blue) and light (golden) balls, respectively, and the bonds are represented by sticks. Five-fold
ring conformations of the type shown in the left-hand panel lead to peaks at 3.5 Å in gGeGe(r) and at 97 in B(qGeSeGe). Conformations of
the type shown in the right-hand panel lead to shoulders at 3.8 Å in gGeGe(r) and at 109 in B(qGeSeGe).
Table IV: The proportions of the different structural units n¯a(l) in
the FPMD models I–IV for glassy GeSe9, as obtained by using a
cutoff distance rcut = 2:75 Å. The identity of the a atom (Ge or Se)
at the center of a unit is given in bold font, and the identity of the
l nearest neighbors is given in the second column. Note that the
same calculations were also performed for model I in Ref. 22, but
the values in that reference correspond to a larger cutoff distance
rcut = 2:9 Å.
Proportion of n¯a(l) [%]
Model I Model II Model III Model IV
Ge atom
l = 3
Se3   0.2 < 0.1  
l = 4
Se4 > 99.9 99.8 > 99.9 > 99.9
l = 5
GeSe4 < 0.1     < 0.1
Se5       < 0.1
Se atom
l = 1
Ge   0.4 0.8 < 0.1
Se 0.2 1.1 0.8 < 0.1
l = 2
Se2 64.6 58.9 59.0 60.1
SeGe 25.9 33.5 33.8 35.0
Ge2 9.3 4.7 4.4 4.7
l = 3
Se2Ge < 0.1 1.2 0.3 < 0.1
Se3 0.1 0.2 0.5 < 0.1
tetrahedra are not, however, uniformly distributed on an inter-
mediate length scale, as emphasized by the appearance of an
FSDP in SCC(k) (Fig. 3).
VI. DISCUSSION OF THE SIMULATION PROTOCOLS
In the above, we have investigated the impact of three
key variables in simulating the structure of glassy GeSe9 by
FPMD methods, namely (i) the system size, (ii) the quench
schedule, and (iii) the final relaxation time at room tempera-
ture. This material has proved to be particularly challenging
for FPMD simulations because of the small concentration of
Ge atoms.
Focusing on the impact of the system size, the large num-
ber of ES units found for the N = 120 system of model I (Ta-
ble III) turned out to be a byproduct of insufficient statistical
sampling, which is associated with the limited number NGe =
12 of Ge atoms. A sizeable proportion of this small number of
Ge atoms were trapped in unrepresentative configurations in
the liquid that had little chance to evolve during the timescale
of the simulation.
Turning to the impact of the quench schedule and struc-
tural relaxation at room temperature for the N = 260 sys-
tems, it is convenient to distinguish between “short" and “ex-
tended" temporal trajectories on the basis of a 10 ps thresh-
old. Within this classification scheme, model III corresponds
to short quench steps and a short relaxation time, is most af-
fected by the statistical noise, and features the largest propor-
tion of ES units (Table III). In comparison, model II corre-
sponds to short quench steps and an extended relaxation time,
and has a smaller proportion of ES units, i.e., the relaxation at
room temperature appears to play an important role in affect-
ing the glass structure. Lastly, model IV corresponds to ex-
tended quench steps and an extended relaxation time. Models
II and IV differ by the occurrence of a bimodal distribution
of CS units in model II (Fig. 7) that is not present in model
IV, indicating the presence in model II of unstable configura-
tions that are affected by the duration of the quench steps, and
emphasizing the important role played by the quench sched-
ule. Overall, our results illustrate the crucial roles played both
by the quench schedule prior to relaxation at room tempera-
ture and by the relaxation process itself. The latter is likely to
be an important issue when making plans for future work on
amorphous structures by molecular dynamics models, which
9are quite often constructed by considering the extent of the
quench-schedule alone.
VII. CONCLUSIONS
The structure of glassy GeSe9 was investigated by combin-
ing neutron diffraction with FPMD simulations, where three
different models were prepared by using a periodic system
containingN= 260 atoms and three independent temporal tra-
jectories. The measured total structure factor is significantly
different from that obtained in the previous neutron diffrac-
tion work of Ramesh Rao et al.,39 and corresponds to a struc-
ture in which the overall mean coordination number n¯ is in
agreement with the ‘8-N’ rule. The FPMD models lead to to-
tal structure factors and total pair-distribution functions that
are in accord with the new experimental work. Each model
gives a chemically ordered network in which Ge(Se4)1=2 tetra-
hedra interconnect Sen chains, and the Ge and Se atoms are
four-fold and two-fold coordinated, respectively. In contrast
to previous FPMD results for glassy GeSe9 performed on a
system of N = 120 atoms,22 the majority of Ge(Se4)1=2 tetra-
hedra are corner-sharing, with a ratio ES=CS = 0.08–0.18.
The local coordination environment of Se does not point to
any evidence of phase separation into Se-rich and GeSe2-
rich domains. A first-sharp diffraction peak in the Bhatia-
Thornton concentration-concentration partial structure factor
SCC(k) does, however, indicate a non-uniform distribution of
the Ge-centered tetrahedra on an intermediate length-scale.
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